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Broadband microfluidic-based impedance spectroscopy can be used to characterize complex fluids, with
applications in medical diagnostics and in chemical and pharmacological manufacturing. Many relevant
fluids are ionic; during impedance measurements ions migrate to the electrodes, forming an electrical dou-
ble-layer. Effects from the electrical double-layer dominate over, and reduce sensitivity to, the intrinsic im-
pedance of the fluid below a characteristic frequency. Here we use calibrated measurements of saline so-
lution in microfluidic coplanar waveguide devices at frequencies between 100 kHz and 110 GHz to directly
measure the double-layer admittance for solutions of varying ionic conductivity. We successfully model
the double-layer admittance using a combination of a Cole-Cole response with a constant phase element
contribution. Our analysis yields a double-layer relaxation time that decreases linearly with solution con-
ductivity, and allows for double-layer effects to be separated from the intrinsic fluid response and quanti-
fied for a wide range of conducting fluids.
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a major challenge for microfluidic impedance spectroscopy, es-
pecially at lower frequencies.

1 Introduction
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Impedance spectroscopy has been used to characterize a wide
variety of chemical and biological systems. Microfluidic-based
impedance spectroscopy has shown specific relevance for medi-
cal diagnostics in the area of cytometry," " as well as for DNA
and protein analysis.">"* In addition, the high throughput ca-
pability of microfluidic-based impedance spectroscopy is ad-
vantageous for pharmaceutical and chemical manufacturing.
Many samples that are relevant to impedance spectroscopy
have ionic components. When electric fields are applied to the
fluid as part of the impedance spectroscopy measurement, free
ions in solution migrate toward the electrodes. As these ions
build up, an electrical double-layer (EDL) forms at the surface
of the electrodes (Fig. 1). The EDL results in a large capacitance
between the electrode and fluid, screening electric fields from
the bulk of the fluid, thereby reducing measurement sensitivity
to the intrinsic fluid impedance. The ability to distinguish
device-specific EDL effects from the intrinsic fluid response is

“ Department of Mechanical Engineering, University of Colorado, Boulder,
Colorado 80309, USA

b Communications Technology Laboratory, National Institute of Standards and
Technology, Boulder, Colorado 80305, USA. E-mail: james.booth@nist.gov

¢ Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

+ This paper is an official contribution of NIST; not subject to copyright in the
US. Usage of commercial products herein is for information only; it does not im-
ply recommendation or endorsement by NIST.

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/
¢71c00347a

2674 | Lab Chip, 2017, 17, 2674-2681

The strong frequency dependence of the EDL contribution
to the total device impedance suggests that by measuring over
a sufficiently wide frequency range, we can separate electrode
effects from the intrinsic fluid response. At sufficiently high fre-
quencies, EDL effects become negligible; higher frequency
measurements give information primarily about the dielectric
response of the fluids. However, impedance measurements
above ~300 MHz can be difficult, requiring guided wave

NaCl Solution
CPW CPW CPW
Ground Plane Center Conductor Ground Plane

| /

=5 =
Quartz Substrate
\\..
e o EDL, "3 o _ eEDL ® ®

Ground Plane Center Conductor

Quartz Substrate

Fig. 1 Depiction of the EDL formation. During measurement, ions in
the NaCl solution accumulate on the edges of the CPW electrodes.
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structures and detailed microwave calibrations. Previous work
has demonstrated microwave impedance measurements of
fluids within microfluidic channels up to a frequency of 40
GHz using coplanar waveguide (CPW) devices with on-chip
microwave calibration methods."*"” To further extend the high
frequency range of the on-chip calibration approaches, we have
fabricated a new generation of microfluidic CPW devices, and
developed a new efficient calibration protocol, which we pres-
ent for the first time in this work. Our devices and calibration
protocol allow for calibrated broadband impedance measure-
ments of fluids over a continuous frequency range between 100
kHz and 110 GHz, capturing the full relaxation response of wa-
ter, and allowing for a more complete characterization of the
dielectric response of fluids.

The 6-decade frequency range provided by our devices and
calibration protocol uniquely captures both the low-frequency
regime where EDL effects are dominant as well as the high-
frequency regime where EDL effects are negligible. We apply
this technique to measure the complex electrical impedance
of NaCl solutions (saline) in microfluidic devices over a range
of temperatures and NaCl concentrations. We can accurately
model the intrinsic fluid impedance of saline at high fre-
quencies where EDL effects are negligible, and subsequently
extrapolate this fluid response to lower frequencies where
EDL effects dominate. In this way, we are able to isolate the
EDL contribution to the impedance from the intrinsic fluid
impedance, for solutions with different ionic conductivities.
The frequency dependence of the experimentally-determined
EDL impedance can then be accurately modelled by a combi-
nation of a Cole-Cole response together with a constant
phase element (CPE)."*>* These models yield a double-layer
relaxation time that is inversely proportional to solution con-
ductivity, with other model parameters showing relatively lit-
tle change for different solutions. This suggests that device-
dependent double-layer effects in microfluidic devices can be
quantitatively accounted for based on measurements at a sin-
gle value of solution conductivity.

2 Methods

2.1 Device fabrication

The on-chip calibration protocol required multiple CPW
structures. We co-fabricated both microfluidic CPW struc-
tures and all additional calibration structures on the same
500 pum thick 7.62 cm diameter fused silica (quartz) wafer.
Co-fabrication minimizes variability in the material proper-
ties and dimensions among CPW structures. We chose fused
silica for its low electrical conductivity and isotropic permit-
tivity. We fabricated coplanar waveguide structures on two
separate chips: a test chip containing all microfluidic CPW
structures, and a reference chip containing all CPW struc-
tures without microfluidics (bare CPW). Metallization was
done by electron beam evaporation (Ti (5 nm)\Au (500 nm)).
Bare CPW structures were designed to have a nominal char-
acteristic impedance of ~50 Q, with 50 pm-wide center con-
ductors, 5 pm-wide gaps, and 200 pm-wide ground planes
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(Fig. 2). The series resistor and series capacitor structures,
mentioned later in the calibration section, were located on
the reference chip. The series resistor consisted of a 10 pm
wide strip of Ti (1.5 nm)\PdAu (11 + 0.5 nm), spanning a 10
um gap in the center conductor of a short length of transmis-
sion line. The resulting sheet resistance of series resistor
strip was measured to be ~50 Q. The series capacitor was
identical in structure to the series resistor, with the exception
that the resistive materials was omitted.

We designed devices with two-layer microfluidic chan-
nels (Fig. 2). The bottom layer was made of ~50 um of SU-
8 photoresist, patterned directly over the CPW structures.
The SU-8 microfluidic channels were ~80 pum wide, and
0.5, 0.85, 1.55, and 3.314 mm long. We chose the CPW gap
width and SU-8 channel height so that the electromagnetic
fields primarily interact with fluids contained within the
SU-8 channels rather than the fluid contained within the
upper microfluidic channel layer formed in polydimethylsi-
loxane (PDMS). We used soft lithography®® to pattern addi-
tional microfluidic channels in a sheet of PDMS. We then
cut the sheet of PDMS into individual ~1 x 0.5 cm blocks.
The height of the PDMS channels was ~50 um. After dicing
the wafer into individual chips, we placed PDMS blocks on
top of the SU-8 layer under a microscope. An external
clamping system, consisting of an acrylic press bar screwed
into an aluminum chuck, sealed the PDMS block to the
chip (Fig. 2A). Liquid in the devices flows through both the
upper PDMS and lower SU-8 channels in series (Fig. 2B).
The upper PDMS layer routs fluid above the ground plane
sections of the CPW to fill each SU-8 channel while keep-
ing the fluid out of the range of the electromagnetic fields
(Fig. 2C). Our microfluidic CPW devices had four physically
distinct sections (Fig. 2E): a bare CPW section with nothing
over the CPW (Fig. 2E section-1a), a bare CPW section with
a PDMS roof (Fig. 2E section-1b), a CPW section completely
covered with SU-8 and PDMS (Fig. 2E section-2), and the
SU-8 channel section (Fig. 2E section-3). Sections 1a and 1b
are electrically equivalent.

2.2 Measurements

We measured each CPW structure using a vector network an-
alyzer (VNA) and movable microwave probes. We recorded
raw data as complex scattering parameters (S-parameters) as
a function of frequency. We acquired 512 frequency points
from 100 kHz to 110 GHz on a log frequency scale, at an AC
power of —20 dBm (where 0 dBm corresponds to a power of 1
milliwatt), and with an intermediate frequency (IF) band-
width of 50 Hz. All measurements were performed on a tem-
perature controlled stage. Care was taken to perform all cali-
brations and measurements in thermal equilibrium. The
chips and aluminum block were kept on the stage for a mini-
mum of 5 minutes after the stage reached the desired tem-
perature set-point. After measurements were performed on
the reference and empty test devices, fluid was injected into
the channels and held for at least 1 minute at zero flow rate
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Fig. 2 Device design and measurement setup. (A) Image of devices during measurement; left and right probes are shown. (B) Top-view diagram
of device design; numbers relate to calibration sections. (C) Microscope image of microfluidic channels with arrows indicating direction of fluid
flow. (D) Circuit model that describes the electrical behavior of the CPW. The distributed circuit parameters R, L, C, G are frequency dependent
per unit length quantities, which are different for each calibration section. (E) Cross-section diagrams for each calibration section.

prior to fluid measurements. The temperature of the fluid
was determined by measuring the temperature at the surface
of the aluminum block with a thermocouple at each tempera-
ture set-point. The small thermal mass of the chip and fluid
sample ensured that the sample was at thermal equilibrium
with the aluminum block.

We model our measurement devices as uniform sections
of transmission line cascaded together. We then apply broad-
band calibration and analysis procedures (described below)
to transform measured S-parameters to distributed circuit pa-
rameters for each transmission line segment (Fig. 2D). The
goal of our calibration procedures was to isolate the distrib-
uted circuit parameters for the fluid-loaded transmission-line
segments (Fig. 2E section-3), over as broad a range of fre-
quencies as possible.

2.3 Calibrations

We divided the calibration procedure into two steps, re-
ferred to as a two-tier calibration. For the first-tier calibra-
tion, we measured S-parameters for seven different bare
CPW lengths (0.420, 1.000, 1.735, 3.135, 4.595, 7.615, and
9.970 mm), a series resistor, a series capacitor, and a short-
circuit reflect, all located on the reference chip. The series
resistor and series capacitor calibration structures used in
this work were identical to those described in previous
work by Orloff et al,** and consisted of a 10 pum resistive
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strip embedded in the center conductor to define the series
resistor, and a 10 pm gap in the center conductor to define
the series capacitor. We first performed a multiline thru-
reflect-line (TRL) calibration®® to determine the propagation
constant of the bare-CPW lines (y,), followed by the series-
resistor calibration®® to compute the capacitance per unit
length of the bare CPW section (C,) (Fig. 2E section-1). In
the second-tier calibration, we measured all four micro-
fluidic lines, as well as a single short-circuit reflect struc-
ture loaded by a microfluidic channel, all located on the
test chip. We then performed a multiline TRL calibration®
and de-embedding procedure'®?® to obtain the propagation
constant for the microfluidic channels (Peot)
(Fig. 2E section-3).

The propagation constant for the bare CPW lines can be

written as: y, = \/(RU +ioL,)(G, +ioC,) , where o is the angu-

lar frequency and Ry, Ly, Gy, and C, are the distributed resis-
tance, inductance, conductance, and capacitance per unit
length of the bare-CPW lines respectively as a function of fre-
quency. We can assume that G, = 0 because quartz has a neg-
ligible  conductivity. Given a nonmagnetic fluid,

m) , where R, are L, came from

Vot = \/( R() + ia)LU)(Glol +ioC,
the first-tier calibration of the bare CPW structures, and
where Gy, and Cy are the capacitance and conductance per
unit length respectively of the microfluidic channels. We

computed G and Cy using both .o and yo:>”

This journal is © The Royal Society of Chemistry 2017
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The multiline-TRL calibration enables accurate measure-
ments at microwave and mm-wave frequencies; the upper fre-
quency limit of the measurements using our current ap-
proach is determined by the appearance of higher-order
waveguide modes beyond the quasi-TEM mode. However, the
multiline-TRL calibration method has a lower frequency limit
determined by the length of the longest CPW line, and there
are practical limits to how long we can make our CPW struc-
tures. Below 5 GHz, instead of using the multiline-TRL ap-
proach, we directly extracted the propagation constant of the
channels through an alternative calibration process of de-
embedding and distributed parameter fitting."'*>°

De-embedding involves accounting for the impedance and
propagation constant of cables, probes, and each section
leading up to the microfluidic channels (Fig. 2B everything
leading up to section-3). Information from the first-tier cali-
bration accounts for these effects. Two different lengths of
SU-8 covered sections on the test chips are used to account
for the impedance and propagation constant of the SU-8 sec-
tion (Fig. 2E section-2) between the bare CPW and fluid-filled
channels. The procedures for determining uncertainties, both
above and below 5 GHz, are detailed in the ESI.}

2.4 Sample prep

We used serial dilution to prepare four concentrations of sa-
line solutions: 30%, 3%, 0.3%, and 0.03% NaCl by weight
(Wnac1)- We made the highest concentration by dissolving
428.6 g of NaCl in 1 L of deionized (DI) water, and then used
DI water to make the other three dilutions. For context, nor-
mal/physiological saline is 0.9% NaCl,>® typical sea water is
~3.5% NaCl, and the maximum solubility of NaCl in water at
20 °C is 35.9%.”° Note that our maximum concentration
(Wnac1 = 30%) is near the solubility limit.

3 Results

We present calibrated fluid data as Ci and Gg/w, since
these quantities can be approximated as linearly proportional

to the real and imaginary parts of the fluid permittivity (&;

and & ) respectively:

g=(C-Cy)k+s,. (2)
&=k 3)
(4]

Here C,;, is the per unit length capacitance of an air-filled
channel (Cyjr = 1.08 x 107'° F m™), &, is the permittivity of
free space, and k is a dimensionless geometric conversion
factor that is specific to our devices. We used eqn (2) and lit-
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erature values for the permittivity of de-ionized water®® to
compute a value for the geometric constant (k = 0.411 *
0.005). We also performed finite-element simulations®' based
on the measured dimensions of our devices to corroborate
our estimation of k, and to validate eqn (2) and (3). While
eqn (2) and (3) allow us to convert measured admittance pa-
rameters (C and G/w) directly to permittivity values, we use
permittivity only to describe intrinsic fluid properties and do
not present measured data in terms of permittivity when EDL
effects are present. The geometric constant k will be used to
determine the ionic conductivity of the measured solutions,
as shown in the next section.

The resulting calibrated admittance per unit length data
for air, DI water, and all concentrations of saline, as a func-
tion frequency, at a temperature of 28.6 + 2 °C, are shown in
Fig. 3. Additional measurements at 9.5 + 2 °C and 47.6 + 2 °C
are shown in the ESI,} Fig. S1. We omitted data below a fre-
quency where uncertainties rose above 2% of the measured
value. We can qualitatively distinguish EDL effects from the
intrinsic fluid admittance in the data as an increase and pla-
teau of capacitance at lower frequencies (seen below ~1 GHz
in Cy data for the Wyac) = 30% solution in Fig. 3) and as a
suppression of conductance, also at lower frequencies (seen
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Fig. 3 Calibrated admittance per unit length data for DI water and
four concentrations of NaCl solutions at 28.6 °C. Lighter shaded re-
gions indicate uncertainties. Double-layer effects can be seen as an in-
crease and plateau of capacitance at lower frequencies in Ci. data,
and a suppression of conductance in Gioi/w data.
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below ~10 MHz in G, data for the Wy, = 30% solution in
Fig. 3). We consider increases in G/w from the ionic con-
ductivity of the fluid as part of the intrinsic response of the
fluid. As we increased the ionic concentration in the solution,
there was a corresponding increase in ionic conductivity as
well as a shift in the EDL response to higher frequencies. The
capacitance contribution from the EDL is significant com-
pared to the fluid, up to ~3 orders of magnitude larger than
the intrinsic capacitance of water.

3.1 Modeling the fluid admittance

For a given device, the total measured admittance can be
written as Yo = Geor + i@wCior, (Where the total measured im-
pedance is Z = 1/Y;o). As shown in Fig. 4A, we assume that
the EDL admittance (Ygpy) acts in series with the fluid admit-
tance (Yy):

—_— =t (4)

We initially modeled the admittance of the fluid (Yy) in the
high-frequency regime, above an estimated minimum fre-
quency where EDL effects can be neglected (Fig. 5A). We esti-
mated the minimum frequency of this range using an itera-
tive procedure, finding the lowest frequency that maximized
the goodness of fit for a model that included only the fluid re-
sponse. The fluid admittance of the saline solutions can be
represented with the equivalent circuit shown in Fig. 4B, with
three parallel components (all per unit length quantities): the
capacitance of the fluid far above the relaxation frequency of
the water (C..), the dipolar contribution of the water (Cy), and
the conductance due to the ions (G,). When measuring air, C,,
= Cair and G, = Y,, = 0. The relaxation of water (seen at ~20
GHz in our data) is a Debye-type relaxation phenomenon, and
thus can be modeled with a Cole-Cole function.>*>>* The to-
tal admittance of fluid (Y;) was therefore:

View Article Online
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Y=ioC,+G +Y =ioC, +G, +ia)%, (5)
1+ (io7,) ™

where 7, is the rotational relaxation time of the water, and oy
is the broadening shape parameter of the water relaxation.

The resulting fit parameters for Y, obtained from the high
frequency portion of the admittance spectra, for all ionic con-
centrations and all temperatures can be found in the ESI}
(Table S1). All fits of Yy were within measurement uncer-
tainties. For the highest ionic concentrations (Wyac1 = 30%
and 3%), we observed a noticeable suppression of the saline
permittivity with increasing NaCl concentration (Fig. S2ai).
As we increased the temperature, we also observed both a
suppression of the permittivity as well as a shift in the relaxa-
tion of the saline response to higher frequencies (Fig. S2bi).
We calculated fluid permittivity values using the conversion
factor k introduced previously. Our fit results for the permit-
tivity of the lowest concentration of saline (Wyac1 = 0.03%)
(Table S17) are in close quantitative agreement with literature
results for the permittivity of DI water.® Additionally, the
same conversion factor k can be used to relate the conduc-
tance G, to the bulk ionic conductivity of the solution: G, = o/
k, where o is the ionic conductivity of the fluid. The calcu-
lated conductivities of our solutions are given in Table S2 in
the ESL}

3.2 Modeling the double-layer admittance

With a complete determination of Y;, we solved eqn (4) for
Yepr, (Fig. 5B) for each fluid sample. The extracted EDL ad-
mittance data were analyzed in the region below the fre-
quency limit where Y, deviated from the fit of Y; by more
than 2% (Fig. 5B), i.e. where EDL effects begin to have a
measureable effect. As shown in Fig. 4C, we modeled the
EDL admittance (Ygp;) as two parallel components (Fig. 4B):
the primary component of the EDL response is a Debye-type
relaxation, with admittance: Y, = Cp + iwGp, and a second

CPE

A B
Ground Plane Yf

e

YenL
T 8,

Yoot Y, T

I

YEDL
[ ©

Center Conductor

Fig. 4 lonic fluid admittance model. (A) EDL admittance (Ygp) and fluid admittance (Ys) act in series to form the measured admittance (Yiot). (B)
Equivalent circuit of Yy, where C,, is the capacitance of the fluid without the dipolar contribution of the water, Y,, is the admittance from the
dipolar response of the water, and G, is the bulk conductance from the ions. (C) Equivalent circuit of Ygp,, where Yp is the admittance of the
Debye relaxation component of the EDL effect, and Ycpe is the admittance of the constant phase element (CPE).
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Fig. 5 Fitting procedure using Wyac = 30% data at 47.6 °C. (A) Data, and fit of the fluid admittance (Y;), with contribution from water admittance
(Yw). (B) Extracted EDL admittance (Ygpy), fit Yepr, Debye relaxation component of Ygp, (Yp), and the CPE component of Yep, (Ycpe).

parallel contribution which we describe as a constant phase
element (Ycpg). The accumulation of ions at the surface of
the electrodes result in a capacitance (Cp), with an associated
conductivity term (Gp), which describes the immobility of the
ions in proximity to the electrode surface. Like the Debye-
type relaxation of water, Y, can be approximated by the Cole-
Cole function, with an associated relaxation time constant z,,
and broadening shape parameter oy. The resulting expres-
sion for Ygp, is then:

. ) C
Yeor = Yope +(GD +leD): Yopg + i@ ; > [ (6)
1+ (iot)

Our analysis suggests that there is a second component to
Ygpr, Which we show can be described with a constant phase el-
ement (CPE), with admittance (Ycpg). This additional admit-
tance term becomes important at lower frequencies, for higher
conductivity solutions. The CPE contribution has most com-
monly been attributed to the electrode surface topography, i.e.
surface roughness or porosity.”> More recently, the CPE has
been attributed to atomic scale inhomogeneities.*® Regardless
of physical interpretation, we observe a power-law frequency
dependence in our data that can be modeled with a CPE term:

This journal is © The Royal Society of Chemistry 2017

= Qa)f"eizn s (7)

YCPE

where Q and n are fitting parameters, and where Q has the
units [S m™" Hz"].** The inclusion of Y¢pg in the model (eqn (6))
was essential for getting an accurate fit of Ygp;, over a broad
range of frequencies and concentrations, and for an accurate
determination of the time constant 7. The resulting parame-
ters from our fit of extracted Ygp;, data, for all NaCl concentra-
tions and all temperatures, using eqn (6) and (7), can be found
in Table 1. The results for all fits to Ygp, were within measure-
ment uncertainties.

We were only able to accurately model Ycpg effects for Wyacy
=30% and 3% solutions, which have a relaxation frequency (zp)
that was well above our minimum measurement frequency of
100 kHz. At lower concentrations, the contribution of CPE ef-
fects occurred at frequencies below the range used in these
measurements. For these lower concentrations (Wyac1 = 0.3%
and 0.03%), we held Cp, ap, Q, and n fixed using values from
the fit of Wyaci = 3% data, while allowing 7, to vary. This
method produced fits for the Wy,c = 0.3% and 0.03% solu-
tions that were comparable in goodness of fit to the Wyac) =
30% and 3% solutions. The phase of the CPE is given as:
¢ = ng, where a purely capacitive effect has a phase of

Lab Chip, 2017, 17, 2674-2681 | 2679
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Table 1 Parameters obtained from the fit of electrical double-layer (EDL) admittance vs. frequency (egn (6)). The label “fixed” indicates that a parameter
was held fixed while fitting the low concentration data using values from a previous fit of Wy,c, = 3% data

Temp (°C W, % Cp (Fm™* ™ (S 1- ¢ Sm ! Hz" n
p (°C) Nacl (%) b ( ) b (S) D Q
9.5 30 1.91x10° 2.9x10°° 0.89 3.7x10° -0.92
3 2.25x10°° 1.8x 1077 0.79 8.7x1077 -0.99
0.3 Fixed 2.0x10°° Fixed Fixed Fixed
0.03 Fixed 42x107° Fixed Fixed Fixed
28.6 30 1.93 x10°° 1.6 x10°® 0.83 3.0x10°° -0.92
3 2.02x10°° 1.1x107 0.79 7.8x1077 -0.99
0.3 Fixed 1.1x10° Fixed Fixed Fixed
0.03 Fixed 2.5%x107° Fixed Fixed Fixed
47.6 30 1.87 x10°° 1.1x10°8 0.87 2.3x10°° -0.93
3 1.93 x10°° 7.4 %1077 0.81 1.2%x10° -0.97
0.3 Fixed 8.0x10°° Fixed Fixed Fixed
0.03 Fixed 1.5 %107 Fixed Fixed Fixed
- all temperatures and concentrations (Fig. 7), which we plotted
¢ = = (90°). The phase angle of the CPE in our measure- . :
) : as a function of frequency scaled by the experimentally-

ments was found to be ~83° for the Wy, = 30% solution, and
~88° for the Wyac1 = 3% solution and lower concentrations. A
similar study of EDL effects in CPW devices performed by
Hong et al. reported a CPE phase angle of ~76°.%

The fitting procedure described above yields an
experimentally-determined frequency (1/(2nzp)) that separates
an EDL-dominated regime from a regime that reflects intrin-
sic fluid properties. This time scale, r,, was interpreted as
the characteristic charging time associated with the EDL,
which was expected to be inversely proportional to solution
conductivity.'® To test the dependence on the solution con-
ductivity, we show in Fig. 6 the results of a linear regression
(p = Ac“, where A and a were fitting parameters) for all NaCl
concentrations and all temperatures. This linear regression
produced the values of 4 = 6.0 + 0.2 x 10~ (F m ™) and a =
-1.0 + 0.05, confirming our expectations that zp, oc 6.

These results demonstrate that the frequency-dependent
EDL admittance in microfluidic devices can be accurately
modeled with a time constant that can be predicted based on
the ionic conductivity of the solution. To further illustrate this
point, we show the Yy, contribution to the EDL admittance for

4
z 0K
& in5
= 10° 1
£ o oo
S 10° | \ ~
£ 107 | 0% '
é ® 9.5°C -~
° 81 28.6°C 3% ]
r 10 ® 47.6°C ;),;\
D _g %
w 10

102 107 10° 10" 102

lonic conductivity, o (S/m)

Fig. 6 The electrical double-layer (EDL) relaxation time constants (zp)
vs. ionic conductivity () for all NaCl concentrations and for all temper-
atures. A power law was used to fit the data (zgp. = Ac®), where A = 6.0
+0.2x107 and a = -1.0 % 0.05.
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determined relaxation frequency (7). The collapse of the data
for all concentrations and temperatures implies a single mech-
anism that gives rise to the Yy, response, which can be accu-
rately predicted by the solution conductivity. This in turn sug-
gests that device-dependent EDL effects in microfluidic-based
impedance measurements and sensors can be quantified by a
single measurement of a fluid of known conductivity.

EDL capacitance, C, (F/m)

.6
g 2 ' ' '

c —Y

3 6| --- Fit of Y,
(901.5

g .6

s 1 '
©

3 s

605 [

©

A |

a :

LIJ i L

107" 1 10" 102

Normalized Frequency f/f,

Fig. 7 Extracted Debye relaxation component of the electrical
double-layer (EDL) admittance with fit (Yp = YepL — Ycpe) for Wyact =
30%, 3%, and 0.3%, for temperatures of 9.5 °C, 28.6 °C, and 47.6 °C.
Data is normalized to the EDL relaxation frequency (1/(2nzp)).
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Lab on a Chip

4 Conclusions

Here, we used microfluidic-CPW devices and a calibration pro-
tocol to quantitatively determine the complex electrical imped-
ance of saline-loaded transmission lines from 100 kHz to 110
GHz. The high frequency, broadband capabilities of our devices
allowed the separation of the intrinsic fluid response from elec-
trical double-layer effects. Our modeling of the electrical
double-layer response confirms that the effect has two compo-
nents: a Debye relaxation; and a constant phase element. We
found that the derived relaxation time associated with the elec-
trical double-layer was strictly inversely proportional to the
ionic conductivity of the measured solutions. We also found
that for concentrations at or below Wy,c1 = 3% the only param-
eter to change in any significant or measurable way was the
electrical double-layer time constant. Knowing this allows us to
fit for EDL parameters at one concentration and temperature,
and extrapolate the electrical double-layer response to any
other concentration and temperature, making it possible to dis-
tinguish EDL effects from other low-frequency phenomena. Fu-
ture work on this topic will explore the effects of varying micro-
wave power, mixtures of different ionic species, and varying
geometry of the microfluidic coplanar waveguide devices.
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